Abstract-Permanent magnet synchronous motors (PMSMs) provide a competitive technology for EV traction drives owing to their high power density and high efficiency. In this paper, three types of interior PMSMs with different PM arrangements are modeled by the finite element method (FEM). For a given amount of permanent magnet materials, the V-shape interior PMSM is found better than the U-shape and the conventional rotor topologies for EV traction drives. Then the V-shape interior PMSM is further analyzed with the effects of stator slot opening and the permanent magnet pole chamfering on cogging torque and output torque performance. A vector-controlled flux-weakening method is developed and simulated in Matlab to expand the motor speed range for EV drive system. The results show good dynamic and steady-state performance with a capability of expanding speed up to four times of the rated. A prototype of the V-shape interior PMSM is also manufactured and tested to validate the numerical models built by the FEM.
associated with limited reserve and supply stability of the rareearth materials they rely on. Although both interior PMSMs and surface mounted PMSMs can be utilized for EV traction drives, the former are more suitable for EV traction drives [9] as they can offer higher reliability and overload ability than the latter.
Within interior PMSMs, There are various rotor topologies available, which offer some flexibility and design freedom with regard to the placement of permanent magnets. Rotor topologies and parameters can lead to differing performance of EV motor drives. A multi-objective optimization approach for the interior PMSM design is proposed in [10] , with the response surface methodology introduced to dramatically save the CPU-time without de-grading accuracy. Moreover, torque ripple reduction of interior PMSMs has also attracted much attention as noise and vibration can be issues that affect drive comfort. An optimization of rotor slot geometry is proposed in [11] . Rotor pole skewing is adopted in [12] and the current harmonic injection is employed in [13] . Alternatively, a genetic algorithm approach with efficient finite element method (FEM) is proposed to minimize cogging torque for PMSMs [14] .
For EV traction applications, a wide speed range is highly desirable. Interior PMSMs can extend their operational speed range by weakening their magnetic flux (constant power operation). Moreover, other methods proposed in the literature include magnet segmentation and rotor iron bridge dimension optimization. Both are proved to be effective in improving the motor's flux weakening capability [15] .
In this paper, three types of interior PM topologies are analyzed and compared. Based on the same amount of permanent magnet material used, the salient rate is altered to find the most suitable interior PMSM topology for EV traction drives. The magnetic cross-coupling effect has been taken into consideration to increase the calculation precision. The PMSM with a V-shape rotor magnet is chosen and researched further (e.g., inductance, slot opening, permanent magnet chamfering) to compare the effectiveness of torque ripple reduction. Then a flux-weakening vector-control drive system is built in Matlab to provide a control scheme for high-speed operation. A V-shape rotor PMSM is finally prototyped and experimentally tested to verify the developed numerical models.
II. ROTOR TOPOLOGIES
For PMSMs, the permanent magnet can be positioned in the rotor laminations as "U" shape, "V" shape and conventional shape. Three typical motor topologies are shown in Fig. 1 , while the motor specifications are listed in Table I . The following assumptions are made in order to compare different motor topologies: i) the stator, shaft, air gap and windings are identical; ii) the same amount of permanent magnet material is utilized; iii) the distance between the rotor slot (which containing the permanent magnet) outer edge and the shaft center is identical (namely, same magnetic insulation bridge size). In general, interior PMSMs can be analyzed under the rotating synchronous frame, as the stator windings are energized by d axis current i d and q axis current i q respectively, The motor performance can be described by the inductances L d and L q . Due to the magnetic cross-coupling effect between the magnetic flux path in the d axis and q axis, accurate calculation of inductance parameters should take it into consideration. Therefore the FEM can be utilized as below to obtain inductance parameters:
where Ψ d and Ψ q are the flux linkage in d axis and q axis, respectively, and Ψ PM is the flux linkage excited by the permanent magnet alone [16] . The saliency of the interior PMSM can be described by the salient rate, which is the ratio of the q axis It can be observed that the salient rate is affected by both i d and i q with similar trends but at a different level due to the difference in magnetic path in the three motors. The salient rate decreases as q axis current increases, however, such trend is not obviously observed when a high d-axis current is applied. This is owing to the magnetic couple effect between the d-axis and qaxis magnetic field. At almost all the working points, the V-shape rotor motor has the highest salient rate, indicating the largest saliency torque when the same power supply is applied. The V-shape interior PMSM can be controlled with a wide constantpower region, which is highly valued in EV traction drives.
III. TORQUE RIPPLE REDUCTION
It is ideal that EV traction motors have low cogging torque, torque ripple and high power density. The cogging torque in PMSMs is formulated as [18] :
where α is the rotation angle, z is the slot number, L ef is the axial length of armature, R 1 is the outer radius of rotor, R 2 is the inner radius of armature, G n is the n th Fourier transform coefficient of the permanent magnet geometry parameter, B r is the air gap flux density in an equivalent slotless motor. An analytical method based on a virtual PM concept and the superposition principle for calculation of the cogging torque of interior PMSMs with multi flux barriers in the rotor is illustrated in [19] . While the PM motor torque ripple can be expressed as [20] :
where P is the number of poles, r g is the air gap radius, l stk is the stack length, f s , h , f r,h are the hth stator and rotor MMF harmonics, respectively. It can be observed that the motor torque ripple is relative to the high order harmonic components in the MMF. The V-shape rotor interior PMSM is analyzed by FEM and the motor winding d axis and q axis inductances at rated load in one electrical period are shown in- Fig. 5 .
As the existence of harmonic components in inductances, the torque ripple is always present. In order to decrease the cogging torque and torque ripple for the V-shape interior PMSM, the stator and rotor parameter configurations can be adjusted accordingly. 
A. Effect of Stator Slot Opening
The cogging torque (peak to peak), torque ripple (peak to peak) and average torque of the V-shape interior PMSM at rated voltage as a function of slot opening width are presented in Fig. 6 .
As the slot opening width decreases, both the cogging torque and torque ripple in interior PMSM are reduced. Clearly, the slot opening width impacts mainly on cogging torque. For instance, the cogging torque reduces by 90% (1. 
B. Magnetic Pole Chamfering
The pole chamfering method for each chunk of permanent magnets for the V-shape interior PMSM is shown in Fig. 7 , where a denotes the pole chamfering width:
By changing the chamfering width, the average torque, torque ripple (peak to peak) and cogging torque (peak to peak) can be altered, as shown in Fig. 8 .
From Fig. 8 it can be seen that the pole chamfering can also impacts on the cogging torque and especially the torque ripple. By changing a from 0 to 5 mm, the torque ripple can be reduced by 4.3N * m. As the average torque is also affected, it is necessary to strike a balance between the output torque and torque ripple when adopting the pole chamfering method for interior PMSMs.
IV. FLUX-WEAKENING CONTROL
Due to the limitation of the converter capability, flux weakening is a commonly-accepted scheme to expand the speed range beyond rated for interior PMSMs. This is achieved by adjusting the i d current to cancel out some magnetic field produced by permanent magnets.
In this paper, a vector control drive system is designed and simulated in Matlab. It consists of two operational modes: constant torque mode and constant power mode. The constant torque mode is for the motor running at a speed lower than the rated speed (2000 rpm in this case). The motor is controlled to generate the maximum torque with the least current below this speed while the constant power mode is for the motor running at speeds higher than the rated speed (flux weakening operation). The developed control drive system is schematically shown in Fig. 9 :
The PMSM drive is controlled via two closed loops: a speed loop and a current loop; a special PI controller is utilized in the flux weakening block: if the motor reference speed is lower than the flux weakening speed (rated speed), the PI controller saturates with no offset flux weakening current produced. Once the actual motor reference speed is higher than the flux weakening speed, a negative flux weakening current is produced by the PI controller to reduce the flux as per the speed extension requirements. The offset flux weakening current is a current added to the d axis current to decrease the flux density for the motor under flux-weakening operation. At 0 s, the load is 100 Nm and the reference speed is set at 2000 rpm. At 0.1 s the motor load decreases to 50 Nm and the reference speed is up to It can be seen that if the motor speed is below the flux weakening speed 2000 rpm, the offset flux weakening current is zero. As the motor speed is higher than 2000 rpm, the flux weakening block acts dynamically and produces the flux weakening current through the PI controller based on actual motor speed. The drive system operates in flux weakening mode to expand the speed range. The whole control drive system has shown good dynamic and steady performance in response to speed and load variations with capability of expanding the speed range up to 4 times, which is suited for EV traction drives.
V. EXPERIMENT
The back electromotive force (EMF) is a key parameter to evaluate the motor efficiency and torque performance. So the distance between the two magnets of neighboring poles (denoted L in Fig. 13 ) can be adjusted. Table II shows the EMF fundamental component amplitude and its proportion in the whole spectrum as a function of L.
It can be seen that, as L increases, the fundamental amplitude increases but its proportion in the whole spectrum decreases. So a compromise should be achieved. Moreover, L cannot be set too large as it may decreases the length of magnetic insulation bridge and reduces the rotor core mechanical strength in high speed operation.
Following a numerical study, a 20 kW V-shape interior PMSM for EVs is prototype. The photographs of its stator and rotor are shown in Fig. 14 . Fig. 15 (a) presents the measured phase back EMF over one electrical cycle under rated speed under no load, as compared to numerical results by FEM. It is observed that the two results agree well with each other; while Fig. 15 (b) shows the fundamental amplitudes of measured EMFs at different motor speeds. Clearly, experimental tests have validated numerical models used for motor performance analysis. 
VI. CONCLUSION
In this paper, the saliency of three different interior PMSM topologies considering the magnetic cross-coupling effect is investigated. Simulation results suggest that V-shape interior PMSMs have a higher salient rate than other types for EVs. The torque ripple is next investigated by FEM and it can be minimized by shortening the slot opening width and magnetic pole chamfering. Similarly, the cogging torque can be dramatically suppressed by reducing the slot opening. Moreover, the motor capability to expand the speed range up to 4 times has been achieved by the designed flux weakening drive system. The effectiveness of the simulation models has been also experimentally validated by testing a prototype motor.
